Background. Iron overload can adversely influence the course of infection by increasing microbial replication and suppressing antimicrobial immune effector pathways. Recently, we have shown that the calcium channel blocker nifedipine can mobilize tissue iron in mouse models of iron overload. We therefore investigated whether nifedipine treatment affects the course of infection with intracellular bacteria via modulation of iron homeostasis.
Iron availability is a central determinant in host-pathogen interactions. On one hand, the metal is essential for metabolic processes in both hosts and microbes. Accordingly, iron availability is linked to the proliferation and pathogenicity of many microorganisms, whereas the restriction of iron from pathogens is an efficient strategy of host defense [1] [2] [3] [4] . On the other hand, iron has subtle effects on cell-mediated immune effector pathways. For example, iron inhibits the activity of interferon c (IFN-c)-driven effector pathways of macrophages, such as tumor necrosis factor a and nitric oxide formation, resulting in an impaired immune response toward intracellular pathogens [5] [6] [7] [8] [9] , although a certain amount of iron is important for oxygen radical formation by macrophages via the Fenton reaction [10] . Accordingly, systemic iron overload is associated with unfavorable outcomes of many types of infection [1, [11] [12] [13] .
Macrophages have multiple pathways for the acquisition of iron [14] . The most important of these are the phagocytosis of senescent erythrocytes with subsequent reutilization of iron, the uptake of transferrin-bound iron via the transferrin receptor 1 (TfR1), and ferrous iron incorporation via the divalent metal transporter 1 (Dmt1, Slc11a2, and Dct1) [15] [16] [17] [18] . The major avenue for iron export is accomplished by the transmembrane protein ferroportin 1 (Fpn1 and Slc40a1) [19] . The expression of Fpn1 is regulated at several levels including transcriptional regulation by cytokines [17, 20] as well as posttranscriptional and translational induction by iron [19, 21, 22] . Most importantly, the iron and cytokine inducible peptide hepcidin, which is the master regulator of iron homeostasis [23, 24] , posttranslationally reduces the presence of Fpn1 at the cell surface membrane by targeting it for endocytosis. Recent evidence also suggests that M1 and M2 macrophage subtypes differ in their expression of iron metabolism genes and the handling of iron [25] , further supporting the idea that effector functions and iron metabolism of macrophages are mutually linked.
Salmonella enterica serovar Typhimurium (S. Typhimurium) is a facultatively intracellular gram-negative bacterium capable of persisting and replicating within host macrophages [26] [27] [28] . The intracellular proliferation of Salmonella is highly dependent on a sufficient supply of iron [3] . S. Typhimurium secretes siderophores via IroC and EntS to bind ferric iron, which is subsequently taken up by outer membrane receptors including IronN and FepA [29, 30] . ABC transporters such as FepBCDG are responsible for the transport of siderophores through the cytoplasmic membrane, whereas molecular iron is taken up via Feo-mediated transmembrane transport [31] . Salmonella strains defective in iron transport show reduced virulence as well as an impaired ability to proliferate in vivo [32] . Accordingly, a limited availability of iron within macrophages as observed in classical hemochromatosis is associated with the impaired proliferation of intracellular bacteria, such as salmonellae or mycobacteria, within these cells [33, 34] .
The dihydropyridine-like calcium channel blocker nifedipine can reverse tissue iron accumulation in mouse models of primary and secondary iron overload, which has been linked to stimulation of iron transport via Dmt1 [35] . In the present study, we investigated whether nifedipine treatment can modify iron availability for intramacrophage bacteria and thus affect the course of systemic Salmonella infection in mice.
METHODS

Cell Culture
RAW264.7 murine macrophage-like cells were originally isolated from BALB/c mice and obtained from the American Type Culture Collection (ATCC). Cells were grown in low-glucose Dulbecco modified Eagle's medium (DMEM) supplemented with 10% fetal calf serum, 2 mmol/L L-glutamine, 100 U/mL penicillin, and 0.1 mg/mL streptomycin (all obtained from PAA) at 37°C in humidified air containing 5% carbon dioxide.
S. Typhimurium strain ATCC 14028s was grown in LuriaBertani broth (Sigma-Aldrich) to late logarithmic phase. RAW264.7 cells were seeded into 6-well dishes (1 3 10 6 cells per well) in 2 mL of DMEM, 10% fetal calf serum, and 2 mmol/L L-glutamine without antibiotics for subsequent infection experiments. After preincubation of S. Typhimurium in complete DMEM at 37°C for 20 minutes, RAW264.7 cells were infected with S. Typhimurium exactly as described elsewhere [3] Mutant strains were constructed as described elsewhere [31] and used as detailed above.
Chlamydophila pneumoniae strain CV-6 was propagated as described elsewhere [36] . For experiments, 1 3 10 6 RAW264.7
cells were seeded in 6-well plates and infected with purified C. pneumoniae at a multiplicity of infection of 2 as described elsewhere [37] . After 1 hour, nifedipine at a concentration 50 lmol/L or solvent was added to the antibiotic-free medium. Twenty-four hours later, mice were injected intraperitoneally with nifedipine at a dose of 5 mg/kg body weight or solvent control (0.1% ethanol), respectively, for 3 consecutive days.
Mice were observed twice daily for signs of illness. For further investigations, animals were killed 96 hours after infection. Parts of livers and spleens were homogenized in sterile 0.1% sodium dodecyl sulfate (Sigma-Aldrich) and plated onto agar plates to enumerate bacterial CFUs. Paraffin-embedded tissue sections were analyzed by means of hematoxylin-eosin staining, which was performed according to a standard protocol. Serum iron concentrations were determined by a QuantiChrome assay (BioAssay System). Organs were frozen in liquid nitrogen for further RNA and protein preparation.
Radioactive Iron Uptake Experiments
RAW264.7 cells were seeded in complete DMEM and infected with S. Typhimurium as described above. Following 3 washing cycles with serum-free, HEPES-buffered DMEM, cells were incubated therein. For the investigation of bacterial radioactive iron uptake, 10 lmol/L 59 Fe-citrate was added and incubated for 4 hours and intramacrophage bacteria were harvested as described elsewhere [18] . Radioactivity uptake was expressed as femtomoles of iron taken up per hour and per 1 3 10 6 Salmonella.
Western Blot Analysis
Protein extracts from nitrogen-frozen tissue were prepared and homogenized in cytoplasmic lysis buffer (25 mmol/L Tris-HCl [pH, 7.4], 40 mmol/L KCl, and 1% Triton X-100) containing 1 lg/mL aprotinin and leupeptin (Sigma). Thirty micrograms of protein was loaded onto a 10% sodium dodecyl sulfate polyacrylamide gel. Proteins were blotted onto nylon membranes (Hybond P; Amersham Pharmacia) and blocked in 13 Trisbuffered saline, 2% dry milk, and 0.1% Tween. The membrane was incubated with either rabbit antiferritin antibody (2.5 lg/mL; Sigma), rabbit antiferroportin antibody (2.5 lg/mL; Eurogentec), or rabbit antiactin antibody (2 lg/mL; Sigma). Horseradish peroxidase-conjugated secondary antirabbit immunoglobulin G antibody (Dako) was used to detect cross-reactivity with SuperSignal West Dura Extended Duration substrate (Thermo Fisher Scientific).
Atomic Absorption Spectrometry
Intracellular iron levels were determined by means of atomic absorption spectrometry as described elsewhere [38] .
Statistical Analysis
Statistical analysis was performed using the Statistics package for the Social Science software package (version 11.5; SAS Institute).
Calculations for statistical differences between the various groups were performed by use of the analysis of variance technique and Bonferroni correction for multiple variables, the Student t test, or the Mann-Whitney U test. Differences in survival were compared with the log-rank test and Fisher exact test.
RESULTS
Effects of Nifedipine Treatment on S. Typhimurium Infection of Murine Macrophages
The effects of nifedipine treatment on intracellular bacterial counts were assessed in RAW264.7 cells infected with S. Typhimurium. After treatment with 50 lmol/L nifedipine for 24 hours, the number of S. Typhimurium CFUs recovered from macrophages was significantly reduced compared with that recovered from solvent-treated control cells (Figure 1 ). To see whether these effects of nifedipine are concentration dependent, we performed dose-response experiments using nifedipine at final concentrations of 0.1-100 lmol/L. Thereby, we could demonstrate that nifedipine dose-dependently and significantly reduced intracellular survival of Salmonella within RAW264.7 macrophages at concentrations of 0.25-100 lmol/L, whereas lower concentrations had no effect (Supplemental Figure 1) .
Given the known pharmacological action of nifedipine as a calcium channel blocker, the possible role of extracellular calcium influx was investigated using the impermeable calcium chelator EGTA. No effect of extracellular calcium chelation on the intracellular growth of Salmonella was observed in either the presence or absence of nifedipine (Figure 1) .
Because macrophages exhibit enhanced expression of the only known iron exporter Fpn1 upon Salmonella infection [3] and because nifedipine affects transmembrane iron transport [35] , we next determined whether the effect of nifedipine on intracellular Salmonella growth is related to the modulation of macrophage iron transport and intracellular iron availability. The messenger RNA (mRNA) expression of the iron uptake genes Dmt1 and TfR1 was modified by S. Typhimurium infection [33] but not by the addition of nifedipine (details not shown). However, mRNA levels of the iron export Fpn1 were significantly increased in S. Typhimurium-infected macrophages following treatment with nifedipine, in comparison with application of solvent ( Figure 2 ). To study the metabolic consequence of increased Fpn1 expression, we next measured intracellular iron levels and iron acquisition by intracellular Salmonella (Figure 2 ). Nifedipine treatment of Salmonella-infected macrophages resulted in both a significant reduction in intracellular iron levels and a reduced amount of iron acquisition by the intracellular bacteria.
To determine whether this effect was related to Fpn1-mediated iron export, the experiments were repeated in the presence of synthetic hepcidin, which binds to Fpn1, thereby resulting in its internalization and degradation with subsequent impairment of iron export [23] . The addition of hepcidin significantly increased intracellular iron levels in Salmonella-infected macrophages, both in the presence and in the absence of nifedipine, consequently increasing Salmonella iron acquisition ( Figure 2 ) and intracellular proliferation of bacteria [33, 39] . However, direct exposure of Salmonella cultures to nifedipine in vitro at concentrations of 1-1000 lmol/L had no observable growth inhibitory effect (data not shown), which rules out a direct toxic or iron-chelating effect of the drug toward bacteria.
Strains of S. Typhimurium that are deficient in iron acquisition were then used to compare the antimicrobial actions of nifedipine with the effects of genetic microbial iron limitation.
Salmonella lacking the entC (siderophore uptake) or entC, sit, and feo (both siderophore and elemental iron uptake) genes exhibited deficient intracellular replication in RAW264.7 cells in comparison with wild-type bacteria (Figure 2 ), mimicking the effects of nifedipine treatment. Nifedipine had no significant effect on bacterial replication in cells infected with the triple mutant strain deficient in both siderophore and elemental iron uptake. Moreover, the addition of 50 lmol/L iron sulfate significantly increased the growth of intracellular wild-type Salmonella, but bacteria in nifedipine-treated cells were unable to exhibit higher levels of growth in the presence of iron supplementation, which suggests that nifedipine limits iron availability for intracellular bacteria.
To study whether the antimicrobial activity of nifedipine may also apply to other intracellular pathogens, we next investigated the effects of nifedipine toward the intracellular pathogen C. pneumoniae. Therefore, we infected RAW264.7 cells with C. pneumoniae and treated the infected cells with nifedipine (50 lmol/L) or solvent for 24 hours. Nifedipine treatment resulted in a significant reduction of bacteria counts in RAW264.7 cells and a decrease in the number of inclusion bodies per cell (Figure 3) .
Effects of Nifedipine Treatment on S. Typhimurium Infection In Vivo
To examine the relevance of the antibacterial effect of nifedipine seen in RAW264.7 cells in vivo, C57BL/6 mice were inoculated intraperitoneally with S. Typhimurium and treated with nifedipine or a solvent control. The administration of nifedipine or solvent for 3 consecutive days was initiated 24 hours after bacterial inoculation and resulted in significantly prolonged survival of the mice receiving nifedipine (P 5 .003; log-rank test). The mean (6 SD) survival time in the solvent control group was 82 (6 11) hours, compared with 170 (6 29) hours in the nifedipine-treated Figure 1 . Effects of nifedipine on intracellular bacterial load. RAW264.7 cells were infected with Salmonella enterica serovar Typhimurium (S. tm.) at a multiplicity of infection of 10 and stimulated with solvent, nifedipine (50 lmol/L), hepcidin (1 lmol/L), and/or ethylene glycol tetraacetic acid (EGTA; 1 mmol/L) for 24 hours. Cell lysates were plated onto agar plates to determine the number of colony-forming units (CFUs) of Salmonella. Graphs show means (6 SD). Calculations for statistical differences between various groups were performed by means of the Student's t test or multivariate analysis with the Bonferroni correction (n 5 3-6).
group (Figure 4) . Interestingly, no mouse died during and within 24 hours after the termination of nifedipine treatment (total infection time, 96 hours), whereas by this time point .50% of the control mice succumbed to infection, reflecting a significant survival benefit for nifedipine-treated animals after the third injection (72 hours; P 5 .033; Fisher exact test).
To further characterize the mechanisms responsible for the prolonged survival of mice receiving nifedipine treatment, we found that nifedipine treatment resulted in a significant reduction of bacterial counts in livers (P 5 .006) and spleens (P 5 .003) at 96 hours after the onset of infection (Figure 4 ). This was paralleled by a significant reduction in abscess size and preservation of organ architecture in both livers and spleens. Although the organs of solvent-treated mice contained extensive hepatic abscesses, mice treated with nifedipine exhibited only immune cell infiltration without frank abscess formation. In addition, effacement of splenic and hepatic architecture was observed in control mice after 96 hours of infection but not in mice receiving nifedipine ( Figure 5 ).
To determine whether nifedipine affects systemic iron homeostasis during Salmonella infection in vivo, expression of Fpn1 and ferritin was measured in the livers and spleens of Figure 2 . Effects of nifedipine (Nif) on iron gene regulation, intracellular iron content, and iron acquisition in Salmonella enterica serovar Typhimurium (S. tm.) infection. Experiments were performed as described in the text. Fpn1 messenger RNA (mRNA) levels of macrophages were determined by quantitative reverse-transcription polymerase chain reaction. Values were normalized to the levels of housekeeping gene hypoxanthine phosphoribosyl transferase (Hprt) mRNA (A). The intracellular iron content of infected and treated RAW264.7 cells was determined by means of atomic absorption spectrometry. Iron content was normalized to micrograms of protein of cell pellets (B ). Iron uptake by S. Typhimurium was determined by measuring 59 Fe incorporation of bacteria in fmol per hour per one million (mio) Salmonella (C ). RAW264.7 cells were infected with different strains of S. Typhimurium: wild type (WT) (white bars), entC single mutant (shaded bars), and entC sit feo triple mutant (black bars). Differences between the entC or entC sit feo strains and the WT solvent control with or without iron are indicated by circles (P , .001). Differences in the number of colony-forming units (CFUs) following nifedipine treatment of macrophages infected with WT and entC mutant bacteria were compared with respective solvent controls, as indicated by asterisks (P ,.001). The difference in the number of CFUs upon iron sulphate addition is indicated by a hash mark (P ,.001) (D ). Bars represent means (6 SD) of 3-6 independent experiments. Calculations for statistical differences between various groups were performed by means of the Student's t test, Mann-Whitney U test, or multivariate analysis with the Bonferroni correction where appropriate. Rel. expr., relative expression.
infected animals. Splenic expression of Fpn1 protein was increased in nifedipine-treated animals compared with controls. In contrast, expression of the iron storage protein ferritin was reduced upon nifedipine treatment of S. Typhimurium-infected mice ( Figure 5 ). In parallel with the decreased expression of ferritin in spleens, nifedipine treatment resulted in a significant reduction in serum iron levels (P 5 .002) ( Figure 5 ).
Because iron availability can affect immune effector pathways, the mRNA levels for cytokine genes (iNos, phox p47, IFN-c, IL-4, IL-17A, TNF-a, IL-1b, IL-6, IL-12p35, IL-12/23p40, IL23p19, IL-18, IL-10, and TGF-b) were measured in the spleens of infected animals by quantitative reverse-transcription polymerase chain reaction. However, after 96 hours of infection, no significant differences in the relative mRNA expression of these cytokine genes (related to the expression of the housekeeping gene hypoxanthine phosphoribosyl transferase) were observed between Salmonella-infected mice treated with solvent and those treated with nifedipine (data not shown).
DISCUSSION
This study provides evidence that the calcium channel blocker nifedipine can reduce mortality during systemic S. Typhimurium infection in mice. The improved survival is attributable to the ability of nifedipine to reduce iron availability for intramacrophage Salmonella, which has an essential requirement for the nutrient iron when residing within macrophages. The limitation of intracellular iron availability can effectively inhibit the growth and proliferation of this and other intracellular pathogens [3, 33, [40] [41] [42] [43] [44] [45] .
A cause-effect relationship between nifedipine-mediated iron restriction and the protective effect of this drug, both in vitro and in vivo, is supported by our demonstration of reduced cellular iron content of infected macrophages along with impaired iron uptake by intracellular Salmonella in the presence of nifedipine. Furthermore, a significant reduction in intramacrophage Salmonella replication following the addition of nifedipine was not seen when macrophages were infected with an entC sit feo triple mutant Salmonella strain [31] that is unable to utilize either elemental or siderophore-bound iron. In addition, we could demonstrate that the antimicrobial effect of nifedipine is not restricted to S. Typhimurium but was also observed upon infection of macrophages with another intracellular pathogen, C. pneumoniae. This result suggests that targeting microbial iron acquisition systems and reducing the access of microbial pathogens to iron within the host is a promising avenue for the treatment of certain infections [1-3, 14, 31, 46, 47] .
This study also provides evidence of the mechanism by which nifedipine limits iron availability for intracellular Salmonella. We show here that nifedipine induces up-regulation of the iron export protein Fpn1, leading to cellular iron egress and reduced levels of intracellular iron. Nifedipine shows dose-dependent effects. The extracellular calcium chelator EGTA had no effect on intracellular bacterial growth in the presence or absence of nifedipine, which suggests that the calcium channel blocker is not acting by inhibiting the influx of extracellular calcium but might impede the mobilization of membrane-associated stores. Further studies will be required to determine whether nifedipine-mediated inhibition of calcium signaling is responsible for increased Fpn1 expression. Alternatively, nifedipine induction of Dmt1-mediated iron transport [35] could lead to a transient increase in intracellular iron level that subsequently induces the expression of Fpn1 [19, 21, 22, 40] . Increased Fpn1 expression leads to iron egress [3] and a reduction in intracellular iron concentrations. The importance of this pathway for the control of iron availability to intracellular pathogens is further supported by the finding that addition of the Fpn1 antagonist hepcidin increases intracellular iron levels [23] and promotes the proliferation of Salmonella within RAW264.7 macrophages [39, 41, 43] . Accordingly, the ability of nifedipine to limit bacterial iron availability is attenuated by the addition of hepcidin. These observations are in agreement with other evidence that induction of Fpn1 expression and cellular iron export is an effective defensive strategy for limiting iron availability for intracellular pathogens [3] . Moreover, cells with a gainof-function mutation of Fpn1 can reduce the growth of intracellular Salmonella [41] , whereas loss-of-function mutations as seen in flatiron mice are associated with an increased growth of intracellular bacteria [43] . No significant effects of nifedipine on cytokine expression were seen. The alternative possibility that nifedipine might impair phagocytosis of Salmonella by macrophages was excluded by the lack of a measurable effect of nifedipine on Salmonella uptake by RAW264.7 cells compared with solvent-treated controls (data not shown). Furthermore, in Figure 5 . Histopathological changes and differences in protein expression in organs of Salmonella enterica serovar Typhimurium (S. tm.)-infected mice upon nifedipine treatment. Shown are representative hematoxylin-eosin-stained sections of livers (A) and spleens (B ) of mice in 1 of 3 independent experiments treated with solvent (n 5 9) or/and nifedipine (n 5 10), as described in the text, obtained 96 hours after onset of infection. The black bar represents a scale of 200 lm. Arrowheads highlight abscess formation in the liver (solvent treatment group), whereas arrows illustrate immune cell infiltration (nifedipine treatment group). Western blot analysis of spleen samples was performed exactly as described in the text. Equal loading of protein extracts was confirmed by incubation with anti-ß-actin antibody (middle). Results for 3 representative mice in each group are shown (C ). Serum iron levels from 3 independent experiments of solvent-treated mice (n 5 19) (white bar) and nifedipine-treated mice (n 5 17) (black bar) were determined by a colorimetric assay. Differences between groups were calculated with the Student's t test (P 5 .002) (D ).
vitro and in vivo infections were initiated 1 and 24 hours, respectively, prior to nifedipine treatment, to avoid possible effects of nifedipine on early interactions between Salmonella and host cells or direct toxic effects of nifedipine on the bacteria.
In clinical settings, severe infection or septicemia may be associated with hypotension, and the therapeutic use of an antihypertensive drug, such as nifedipine, might be problematic. A cost-benefit ratio of nifedipine in sepsis will need to be prospectively evaluated. However, in the murine model, none of the mice infected with S. Typhimurium died during treatment with nifedipine, indicating a net benefit of nifedipine treatment. Other pharmacological agents with more selective iron modulatory effects may be of greater utility in systemic infections complicated by hypotension.
Nevertheless, calcium channel blockers are pleiotropic, and nifedipine may exert ambivalent effects in infection. A previous study has shown that long-term oral administration of nifedipine over a period of 6 months resulted in impaired neutrophil function along with reduced killing of engulfed Salmonella and reduced survival following a lethal dose of S. Typhimurium [48] . Thus, although short-term administration of nifedipine is beneficial in murine salmonellosis, long-term administration may have deleterious effects on innate immunity, including impaired neutrophil signaling [49] . Our study provides evidence that nifedipine favorably affects the course of systemic infection with Salmonella as a result of macrophage iron mobilization, which restricts availability of the metal to intracellular pathogens.
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